Small noncoding RNAs have emerged as potent regulators of gene expression, especially in the germline. We review the biogenesis and regulatory function of three major small noncoding RNA pathways in the germline: The small interfering RNA (siRNA) pathway that leads to the degradation of target mRNAs, the microRNA (miRNA) pathway that mostly represses the translation of target mRNAs, and the newly discovered Piwi-interacting RNA ( piRNA) pathway that appears to have diverse functions in epigenetic programming, transposon silencing, and the regulation of mRNA translation and stability. The siRNA and miRNA pathways are present in the germline as well as many somatic tissues, whereas the piRNA pathway is predominantly confined to the germline. Investigation of the three small RNA pathways has started to reveal a new dimension of gene regulation with defining roles in germline specification and development.
I
t is an emerging theme among diverse higher eukaryotes that a large portion of the genome is actively transcribed. Many of these transcripts, however, do not encode proteins, and are thus called "noncoding RNAs (ncRNAs)." Noncoding RNAs range in size from 19-21 base pairs (bp) up to tens of kilobases in length and play crucial roles in organismal development. The regulatory role of noncoding RNAs is especially prominent within the germline, where they are required for mRNA splicing (snRNPs), protein synthesis (tRNAs and ribosomal RNAs), RNA maturation and modification (snoRNAs), maintenance of telomere ends (terc), and epigenetic regulation of chromosomes such as X inactivation (long noncoding RNAs).
Among ncRNAs, there are three major types of small ncRNAs: small interfering RNAs (siRNAs, 21 -23 bp), microRNAs (miRNAs, (21) (22) (23) , and the germline-enriched piwiinteracting RNAs ( piRNAs, mostly 24 -34 bp). A common characteristic of these ncRNAs is that they bind to proteins of the Piwi/ Argonaute family. These proteins are evolutionarily conserved, and characterized by the presence of the PAZ (Piwi-Argonaute-Zwille) and PIWI domains that are essential for their function. This family can be subdivided into two distinct subfamilies: The Argonaute (Ago) subfamily, which bind siRNAs and miRNAs and are ubiquitously present in somatic and germline cells, and the Piwi subfamily that binds piRNAs and is highly enriched in the germline. Here, we review small noncoding RNAs, with an emphasis on germline-enriched piRNAs.
AN OVERVIEW OF THE ARGONAUTE/PIWI PROTEIN FAMILY
Ago proteins are broadly expressed in most eukaryotes, whereas Piwi proteins are found only in sexually reproducing organisms, namely animals and ciliates ( Fig. 1 ) (Beyret and Lin 2008) . Ago/Piwi proteins contain a central PAZ domain of 100 residues that forms a pocket to bind the 3 0 end of small RNAs. Mutational analysis of this domain, however, has suggested that it is not critical for RNA binding, which is instead mediated by the Piwi domain . The Piwi domain is a 350-residue carboxy-terminal domain involved in RNA binding and slicing. Site-directed mutagenesis has highlighted several critical residues that bind RNA using a combination of hydrogen bonding and base-pair stacking. The Piwi domain lies to one side of the ribonucleic acid complex to cut RNA bound within the domain (Song et al. 2004) . Consistently, many Ago and Piwi proteins have been shown to possess slicing activity.
THE siRNA AND miRNA PATHWAYS Characterization and Functions of siRNAs RNA interference (RNAi), or posttranscriptional gene silencing (PTGS), has been characterized in many species. It was first observed in animals in Caenorhabditis elegans (Fire et al. 1998) , in which endogenous transcripts could be effectively degraded by feeding worms with sequence-specific double-stranded RNA (dsRNA) (Fire et al. 1998 ). Sequence-specific degradation was also observed in Drosophila embryo extracts (Tuschl et al. 1999 ) and requires processing of dsRNA strands into 19 -21-bp siRNA duplexes (Zamore et al. 2000; Elbashir et al. 2001b ). Nearly identical processing occurs in mammalian cells (Billy et al. 2001; Elbashir et al. 2001a ). The RNAse III-like enzyme Dicer produces siRNAs from dsRNAs in worms (Grishok et al. 2001) , flies (Bernstein et al. 2001; Hutvagner et al. 2001) , and mammals (Bernstein et al. 2001; Billy et al. 2001) , which are then integrated into Ago2-containing silencing complexes that mediate degradation of complementary transcripts. The biogenesis and function of the siRNA pathway is summarized in Figure 2A . This selective degradation of specific RNA messages defends against viral infection, represses transposition, and regulates endogenous gene expression.
Eight recent simultaneous reports detailed a novel class of siRNAs, termed endogenous siRNAs (endo-siRNAs), in Drosophila embryos and mouse oocytes. Drosophila endo-siRNAs are 21 bp in length, exhibit little strand or sequence bias, and arise mainly from repetitive genomic loci, suggesting a role for endo-siRNAs in defense against transposons. Consistently, there is a large increase in the activity of a subset of transposable elements in ago2 and dicer2 null flies (Chung et al. 2008; Czech et al. 2008; Ghildiyal et al. 2008; Kawamura et al. 2008; Okamura et al. 2008a,b) . Profiling the small RNA population of mouse oocytes identified a large population of functional endo-siRNAs corresponding to transposon sequences, suggesting a conserved role for this pathway in genome defense (Golden et al. 2008; Tam et al. 2008; Watanabe et al. 2008 ).
Characterization and Function of miRNAs miRNAs are produced through two distinct mechanisms (Fig. 2B) . First, miRNAs are derived from primary transcripts, termed primiRNAs. Pri-miRNA genes are frequently arranged in tandem and several mature miRNAs can be derived from a single pri-miRNA. PrimiRNAs are processed by a protein complex Exogenous siRNAs are introduced by viral infection or transfection and are localized to the cytoplasm. In both cases, long dsRNAs are processed by Dicer to form mature siRNAs that are then incorporated into RNA-induced silencing complexes (RISCs) which mediate target cleavage. (B) miRNAs are produced by transcription of pri-miRNA precursors from miRNA genes, which are processed to pre-miRNAs by the microprocessor containing Drosha and Dgcr8. Alternatively, pre-miRNAs are also produced by splicing of intronic sequences containing miRNA sequences. Pre-miRNAs are exported from the nucleus by Exportin and processed into mature miRNAs by Dicer. miRNAs are then incorporated into RISCs that can mediate translational silencing or activation.
containing Drosha and DGCR8 to form premiRNAs of 70 -100 base pairs in length. Pre-miRNAs adopt a hairpin structure and are exported from the nucleus via exportin 5 and Ran GTPase ). Second, "mirtrons," miRNA sequences contained within introns of coding sequences, are released by spliceosome activity rather than Drosha cleavage and then fall into the miRNA pathway (Okamura et al. 2007; Ruby et al. 2007 ). Once in the cytoplasm, Dicer generates mature miRNAs from pre-miRNAs. Mature miRNAs are 19 -23-bp RNA duplexes containing a two-nucleotide 3 0 overhang. Although either strand is capable of mediating translational silencing, only the strand whose 5 0 end is more loosely bound to its complement is then incorporated into RNA-induced silencing complexes (RISCs) (Elbashir et al. 2001c; Martinez et al. 2002; Schwarz et al. 2003) .
miRNAs generally regulate their targets through translational repression. The first two known RNAs, let-7 and let-4, were identified in genetic screens for heterochronic genes in C. elegans. These two genes produce short, 22-nt transcripts with no protein-coding potential and bind to 3 0 UTRs of specific mRNAs, inhibiting their translation into protein. Additional miRNAs were soon discovered in C. elegans (Lau et al. 2001; Lee and Ambros 2001) , Drosophila, and human cell lines (LagosQuintana et al. 2001) . To date, more than 600 miRNAs have been identified in mice and humans (miRBase http://microrna.sanger.ac. uk/cgi-bin/sequences/browse.pl. Sanger Institute Wellcome Trust).
miRNAs function in a variety of developmental, physiological, and pathophysiological processes. Single miRNAs can direct hematopoetic and neural stem/progenitor cells toward a specific cell fate (Chen et al. 2004; Cheng et al. 2009 ) and maintain pluripotency of embryonic stem cells (for review see Gangaraju and Lin 2009) . miRNAs often display exquisite developmental, temporal, and tissue-specific expression, to the extent that it is now possible to accurately classify human cancers on the basis of their miRNA expression (Lu et al. 2005) . This powerful diagnostic approach could prove to be extremely useful in cancer therapy.
Germline Functions of the siRNA and miRNA Pathways siRNA and miRNA pathway components have important functions in the germline. In Drosophila, maternal Dicer1 is required for the establishment of primordial germ cells (PGCs) (Megosh et al. 2006) . Impairment of miRNA biogenesis by deletion of Dicer1 or Loquacious results in defects in maintenance of germline stem cells (GSCs) (Forstemann et al. 2005; Park et al. 2007 ); clonal analysis showed that this was a cell-autonomous defect in GSC proliferation (Hatfield et al. 2005 ). This function is evolutionarily conserved, as mutations in Dicer1 in C. elegans likewise results in defects in germline formation and sterility (Knight and Bass 2001) . Further studies have highlighted roles for specific miRNAs in these processes in Drosophila (Iovino et al. 2009; Yang et al. 2009 ).
Small RNAs are crucial to ensuring genomic integrity in the germline. Endo-siRNAs play critical roles in genome surveillance to keep transposons in check within the female germline, ensuring that they are degraded in an Ago2-and Dicer2-dependent manner (Czech et al. 2008) . Indeed, recent studies have highlighted the predominance of endo-siRNAs, rather than miRNAs, as the key class of small ncRNAs in oocytes (Suh et al. 2010) . A distinct small RNA pathway, utilizing the Piwi subfamily of the Argonaute/Piwi family of proteins, is also necessary for maintaining genomic integrity.
PIWI PROTEINS AND piRNAs
The Piwi subfamily of proteins functions specifically within the germline. Drosophila PIWI, the founding member the PIWI/AGO family, was discovered in a p-element insertion screen for genes that disrupt GSC function (Lin and Spradling 1997) . Piwi mutant flies are sterile (Cox et al. 1998) because of defects in selfrenewal of GSCs (Cox et al. 1998 (Cox et al. , 2000 .
Germline Functions of PIWI Proteins
PIWI proteins are mainly expressed in the germline, although several somatic functions have been determined. Within the germline, PIWI proteins are involved in germline determination and gametogenesis.
Formation of the Germline
In Drosophila, loss of maternal piwi transcript results in loss of PGC formation. Furthermore, overexpression of increasing amounts of maternal piwi leads to a linear increase in the number of new PCGs formed (Megosh et al. 2006) . Piwi interacts with the miRNA pathway components Dicer1 and Fmrp (Megosh et al. 2006 ) which play key roles in PGC specification, implying that Piwi could act to control miRNA-mediated mechanisms of PGC formation.
The Male Germline
Drosophila Piwi proteins function within the male germline. Piwi was discovered in a screen for mutants that disrupt GSC self-renewal in the testis. The Piwi GSC phenotype can be enhanced and suppressed by different haploinsufficient mutations, suggesting a dose-dependent effect of piwi in regulating GSC function (Smulders-Srinivasan and Lin 2003) . The Drosophila Piwi protein Ago3 is also required for GSC maintenance, as male 5-7-day-old flies do not contain Vasa-positive germ cells adjacent to the somatic hub cells ).
Mice have three Piwi homologs: Miwi, Mili, and Miwi2, which are all required for male fertility. Mili is expressed in PGCs at approximately embryonic day 12.5 (E12.5) of development and in postnatal GSCs, spermatogonia, spermatocytes, and round spermatids (Kuramochi-Miyagawa et al. 2004; Wang et al. 2009 ). Miwi is expressed in postnatal late primary spermatocytes through elongating spermatids (Deng and Lin 2002) . In contrast, Miwi2 is expressed in gonocytes, from E15.5 when they are established through 3 dpp when they become activated to form GSCs . Miwi2 is also expressed in Sertoli cells, although this is not required for fertility (Carmell et al. 2007) .
Each Piwi mutant displays unique defects in spermatogenesis. Miwi mutants are arrested at the round spermatid phase, a phenotype strongly resembling that observed in crem knockout mice (Sassone-Corsi 2000) . Miwi mutants lose expression of act (activator of Crem in testis) and a range of Crem target genes, which Miwi directly binds and stabilizes. The primary defect in mili-null mice occurs within GSCs, which fail to undergo self-renewing divisions (Unhavaithaya et al. 2009 ). The few GSC progeny can continue to differentiation, but arrest as pachytene spermatocytes and eventually undergo apoptosis, resulting in full male sterility (Kuramochi-Miyagawa et al. 2004) . Miwi2-mutant animals also display defects during meiosis, with arrest in leptotene spermatocytes and mutant spermatogonia undergoing massive apoptosis (Carmell et al. 2007 ). These data suggest that Miwi2 sets up an epigenetic program, which is required for GSC maintenance even after its own expression has vanished, and that lack of Miwi2 activates a DNA damage checkpoint. Consistently, mutation of Drosophila Atr and/or Chk2 is sufficient to overcome some (but not all) defects caused by mutations in the piRNA pathway components armitage or aubergine (Klattenhoff et al. 2007 ).
The Female Germline
Drosophila Piwi proteins are essential for oogenesis and female fertility. Piwi is required for GSC self-renewal and is expressed in both germline cells and supporting somatic tissue in the Drosophila ovary (Cox et al. 1998) . Piwi mutants also display altered number of nurse cells and abnormal egg chamber polarity (Cox et al. 1998) . Clonal analyses showed that somatic Piwi expression regulates GSC number and division (Cox et al. 1998 (Cox et al. , 2000 Szakmary et al. 2005) , whereas germline expression of Piwi promotes GSC division in a cell-autonomous manner (Cox et al. 2000) . This implies that Piwi utilizes distinct regulatory mechanisms to respond to and provide appropriate signals for GSC maintenance. Ago3 mutants display female sterility, with mutants laying many fewer eggs than their wild-type counterparts ). In contrast to the effects of Piwi family mutations on Drosophila oogenesis, there are no known mutations of these proteins that affect fertility in female mice or humans.
Identification and Characterization of piRNAs piRNAs in Mammals
Several groups simultaneously identified piRNAs from total testicular RNA and Piwi protein immunoprecipitates (Aravin et al. 2006; Girard et al. 2006; Grivna et al. 2006a; Lau et al. 2006; Watanabe et al. 2006) . Radiolabeling of mouse testicular RNA revealed an abundant population of 28-32-nt small RNAs that were associated with MIWI and absent in miwi -/ -mice. Subsequent cloning revealed 40 distinct RNAs (Grivna et al. 2006a) . Five percent of this set overlapped with another set of 367 26-30-nt small RNAs isolated in an independent cloning effort (Watanabe et al. 2006) . As their expression is dependent on Piwi proteins, these small RNAs were termed piwi-interacting RNAs, or piRNAs.
piRNAs are a highly complex family of small ncRNAs with more than 60,000 distinct species. Deep sequencing of RNAs immunoprecipitated with Miwi (Girard et al. 2006) and Mili (Aravin et al. 2006 ) revealed more than 50,000 and 15,000 additional piRNAs, respectively. Mili piRNAs are 26-28 nt, whereas Miwi piRNAs are slightly larger ( 30 nt). Both sets are biased for a 5 0 uracil (94.2% and 88%). Mapping of these sequences confirmed that piRNAs are highly clustered in distinct genomic loci. Approximately 16% of piRNA sequences mapped to repetitive elements, and none to telomeres (Girard et al. 2006) . Clusters ranged in size from 1 to 127 kb and displayed interesting strand characteristics. In some clusters piRNAs map exclusively to a single strand; in other clusters piRNAs may be processed from two nonoverlapping, antisense transcripts separated by a short, piRNA-depleted spacer (Aravin et al. 2006) , and rat and human clusters are syntenic (Fig. 3) .
piRNA expression is developmentally regulated, with different populations arising from distinct clusters in prepachytene cells, including fetal germ cells, as compared to later cell types (Aravin et al. 2007b; Kuramochi-Miyagawa et al. 2008) . Accumulation of prepachytene piRNAs is Mili-dependent whereas later populations are more dependent on Miwi.
piRNAs have been identified in other mammalian species, including humans (Aravin et al. 2006; Girard et al. 2006; Lau et al. 2006) , rats (Lau et al. 2006) , marsupials (Devor et al. 2008) , and platypus ). Similar to mouse piRNAs, these populations all are larger than siRNAs and miRNAs, cluster in discrete genomic loci, have a strong preference for uracil at their 5 0 ends, and contain a phosphate group on their 5 0 ends and a 2-Omethyl group on their 3 0 ends.
piRNAs in Insects
The first piRNAs were identified in divergent species and characterized in Drosophila. Small RNA cloning efforts in plants (Llave et al. 2002) and trypanosomes (Djikeng et al. 2001 ) identified a class of 24-26-nt small RNAs, which displayed a 5 0 U bias and evidence of RNAse IIImediated cleavage. These RNAs corresponded to highly repetitive elements and were termed repeat-associated small RNAs, or rasiRNAs. Subsequent efforts in Drosophila identified rasiRNAs that clustered in specific genomic loci and were enriched in embryos and testes (Aravin et al. 2003) . The Piwi protein Aub was found to be required for expression of Suppressor of Stellate (Su(Ste)) rasiRNAs (Aravin et al. 2004) , which could be coimmunoprecipitated with Piwi and Aub but not with Ago1 (Vagin et al. 2006) . Deep sequencing of small RNAs associated with Piwi (Brennecke et al. 2007; Saito et al. 2006; Yin and Lin 2007) , Aub (Brennecke et al. 2007) , and Ago3 (Brennecke et al. 2007; Gunawardane et al. 2007 ) revealed a number of characteristics of Drosophila piRNAs.
First, distinct piRNA populations associated with each Piwi protein. Piwi-associated piRNAs were larger on average than Aub piRNAs, which were larger than Ago3 piRNAs. Second, Gunawardane et al. (2007) identified a pattern in which Piwi-and Aub-associated piRNAs contain a 5 0 U at the first nucleotide position and Ago3-associated piRNAs have an adenine at their 10th nucleotide position, with a 10-nucleotide complementarity between Ago3-and Aub-associated piRNAs. Furthermore, Ago3-associated sequences contain a high level of transposon sense strand bias, whereas Piwiand Aub-associated piRNAs contain a high level of bias for antisense strands (Brennecke et al. 2007) . These data are the "signature" of the ping-pong model of piRNA generation (see below). Third, Drosophila piRNAs map to specific genomic clusters. Most of these clusters are transposon-rich, unlike in mammals where few clusters correspond to transposonic regions. Concordantly, the proportion of piRNAs mapping to repeat-associated sequences is considerably higher in Drosophila than in mice ( 50% compared to 16%) (Aravin et al. 2006; Brennecke et al. 2007 ). 
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Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a002717 differentiation, meiosis, and transposon silencing. Zebrafish piRNAs are present in both male and female gametes and display the piRNA characteristics described above (Houwing et al. 2008 (Houwing et al. , 2007 , as do those isolated from the planaria S. mediterranea (Friedlander et al. 2009 ), which contains two piRNA-binding Piwi proteins (Palakodeti et al. 2008) . C. elegans possesses several diverse families of small RNAs that bind specific Piwi/Ago proteins. These include the 21U-RNAs, 22G-RNAs, 26G-RNAs, and distinct categories of primary and secondary siRNAs (Claycomb et al. 2009; Han et al. 2009; Ruby et al. 2006 ). 21U-RNAs are likely the piRNAs of nematodes, and were discovered through deep sequencing of RNAs with a 5 0 monophosphate and 3 0 hydroxyl group. 21U-RNAs invariantly contain a 5 0 U and are 21 bp in length, are not derived from a dsRNA precursor, are largely depleted from coding sequences, and are developmentally regulated (Ruby et al. 2006) . Subsequent work showed that 21U-RNAs complex with PRG-1, one of two C. elegans Piwi proteins, to regulate spermatogenesis (Batista et al. 2008; Wang and Reinke 2008) .
piRNA Biogenesis
The piRNA Precursor piRNAs are probably processed from a singlestranded RNA precursor. Individual piRNAs lay end-to-end or are slightly overlapping, suggesting that they are not nonspecific breakdown products (Aravin et al. 2006) . piRNAs exhibit extreme strand bias, with little mixing of sense and antisense sequences in a particular cluster. This in turn implies that piRNAs in a specific cluster are derived from a single transcript. Consistently, long RNA transcripts corresponding to piRNA clusters have been identified (Lau et al. 2006) . Interestingly, these precursors are probably not polyadenylated (Ro et al. 2007 ).
Recent findings have suggested possible mechanisms that may regulate the transcription of specific precursors. In Drosophila, a member of the Heterochromatin Protein 1 (HP1) subfamily of chromo box proteins, Rhino, physically associates with DNA at the 1/42AB piRNA cluster and is required for transcription of precursors from this region. Rhino mutations result in transposon activation and female sterility (Volpe et al. 2001; Klattenhoff et al. 2009 ). Its presence may displace other HP proteins, preventing them from repressing expression at these loci (Klattenhoff et al. 2009 ).
Processing of the Precursor
There is evidence indicating that piRNAs are produced from their precursors by the cleavage activity of Piwi proteins rather than Dicer. Mutation of miwi and mili severely reduces levels of mature piRNAs but not miRNAs or Dicer (Grivna et al. 2006a (Grivna et al. , 2006b Aravin et al. 2007b ), although it is not known if precursors are properly transcribed. In Drosophila, piRNAs are expressed normally in Dicer 1 and Dicer 2 mutants (Vagin et al. 2006) . Piwi, Ago3, and Aub all contain slicer activity in vitro, arguing that they are capable of generating mature piRNAs from potential precursors (Gunawardane et al. 2007; Saito et al. 2006 ). The Drosophila nucleases squash and zucchini play roles in pingpong dependent and independent processing of piRNAs, respectively (Pane et al. 2007; Malone et al. 2009; Saito et al. 2009 ), although how they fit into these pathways is unknown.
The Ping-Pong Model: Posttranscriptional Amplification
The ping-pong "signature" is particularly prevalent among Aub-and Ago3-piRNAs. Piwiassociated piRNAs, although maintaining an antisense bias, do not display evidence of pingpong-based biogenesis (Malone et al. 2009 ). Many piRNA clusters correspond to various transposonic "graveyards," which are transcribed as a precursor in an antisense orientation. This precursor is then processed into mature piRNAs by Aub (and possibly Piwi), either directly or in a processing complex of unknown composition. These mature piRNAs contain complementarity to active transposons, leading to their targeting and cleavage that produces sense piRNAs. These sense piRNAs are complementary to the antisense precursors, leading to their cleavage and feedforward production of more antisense piRNAs. Initial antisense piRNAs may be maternally contributed (Lin 2007; Brennecke et al. 2008) , although the chicken-and-egg problem of how the first piRNAs are derived has yet to be fully resolved.
There is considerable genetic evidence in favor of ping-pong-based amplification for a subset of piRNAs. First, aubergine mutants display a shift in the overall size of the piRNA population to that of Piwi piRNAs and no longer have a ping-pong signature in their germline piRNAs (Malone et al. 2009 ). Second, ago3 heterozygotes contained only 40% of the sense piRNAs as compared to wild-type controls, whereas antisense piRNAs were not affected to the same degree. This suggests that Ago3 is limiting, and likely required, for the production of sense piRNAs. Third, antisense piRNAs were severely depleted in mutants containing no viable ago3, implying that Ago3 acts to stabilize and/or amplify this population ). Interestingly, antisense Piwi-bound piRNAs were only slightly affected in ago3 heterozygotes versus mutants, suggesting that Piwi-piRNAs are mostly generated by a nonping-pong mechanism.
Prepachytene piRNAs in mice also display a ping-pong signature. In Mili and Miwi2 immunoprecipitates from male 16.5-dpc gonads, 46% and 76% of piRNAs corresponded to transposon sequences, contained a 10 bp-overlap in their 5 0 ends and an adenine at their 10th position (Aravin et al. 2007b) . Mili preferentially interacts with sense sequences whereas Miwi2-associated piRNAs tend to have an antisense bias. piRNA precursors may be processed by Mili, generating primary piRNAs, which then direct cleavage of antisense transcripts in Miwi2 complexes to generate secondary piRNAs. Note that this is the opposite of what is proposed in Drosophila. Consistently, mili mutants have no Miwi2-associated piRNAs ).
Ping-Pong-Independent piRNA Generation
The ping-pong mechanism is highly conserved evolutionarily, functioning in organisms as diverse as Nematostella (sea anenome) and Amphimedon (sponge) (Grimson et al. 2008) . However, the ping-pong mechanism is not the lone, or possibly even primary, mechanism of piRNA biogenesis. The profiling of piRNAs in Drosophila revealed that some piRNAs are mapped to 26 specific transposons and are predominantly antisense, even in the absence of ago3. They mainly bound Piwi rather than Aub or Ago3, and mapped predominantly to one particular locus termed flamenco in which transposons are arranged in an antisense manner. Piwi is required for silencing transposons within the flamenco locus (Sarot et al. 2004) , including gypsy which is active within somatic cells of the ovary. Thus a distinct, Piwi-dependent piRNA generation pathway operates within somatic cells (and, to a lesser extent, within germ cells as well) Malone et al. 2009 ).
Ping-pong-independent processing of the flamenco locus is reminiscent of mouse pachytene piRNA clusters. Only 17% of piRNAs from these clusters correspond to transposons, whereas repetitive sequences comprise 50% of the cloned prepachytene piRNAs. Even in Drosophila, only 50% of total piRNAs potentially target transposons. In sum, these data show that the piRNA pathway utilizes multiple biogenic mechanisms.
Regulatory Functions of Piwi Proteins and piRNAs

Piwis and piRNAs as Epigenetic Regulators
Piwi proteins function in epigenetic regulation. In Drosophila, Piwi and Aub regulate positioneffect variegation (PEV) (Pal-Bhadra et al. 2004) , in which a euchromatic gene is silenced when localized in the vicinity of a heterochromatic region (Dorer and Henikoff 1994; Martin-Morris et al. 1997 ). An artificial example of PEV is observed by tandem insertion of the white gene, leading to transcriptional silencing of the transgene and red eye color. Piwi and Aub are required for heterochromatin organization (Pal-Bhadra et al. 2004) . Furthermore, HP1a and Piwi physically interact in vitro and in vivo. Piwi directly interacts with chromosomes and is localized to several heterochromatic regions. As PEV is lost when Piwi and HP1a cannot physically interact (BrowerToland et al. 2007) , it is evident that Piwi and Hp1a interact to achieve epigenetic regulation. In this pathway, it is possible that the PiwipiRNA complex guides HP1a and other epigenetic factors to their target sequences in the genome (Lin and Yin 2008) .
Support for this hypothesis comes from a recent study in which Piwi and a specific piRNA were found to play an epigenetic activation role specifically at the piRNA target site . This study focused on a genomic sequence in the subtelomeric region of the right arm of the third chromosome (3R-TAS) that corresponds uniquely to a piRNA called the 3R-TAS1 piRNA. 3R-TAS1 chromatin is bound by Piwi and is partially euchromatic. However, in piwi mutants it became heterochromatic, indicating the role of Piwi in promoting the euchromatic state of 3R-TAS1. In support of this, the expression of the 3R-TAS1 piRNA is lost in piwi mutant flies. In addition, the expression of a protein reporter gene inserted immediately downstream from the 3R-TAS1-corresponding site is also silenced. Furthermore, this epigenetic change is sharply confined within the vicinity of the 3R-TAS1 DNA sequence, suggesting that the piRNA renders Piwi-specific binding to its complementary 3R-TAS sequence. Interestingly, insertion of a Pelement 128 bp downstream from the 3R-TAS1 sequence rescued the 3R-TAS1 piRNA expression in the mutant background, restored the euchromatic character of 3R-TAS1 DNA, and partially rescued effects of piwi mutation of germline stem cell maintenance . These results correlate the expression of 3R-TAS1 piRNA to the epigenetic state of its target genomic sequence.
The recruitment of HP1a by Piwi-piRNA complexes, however, cannot easily explain the opposite effect of Piwi at different sites of the genome because HP1a is mainly known to promote heterochromatin formation. Other proteins might be recruited by Piwi-piRNA complexes to different sites. For example, the HP-like protein Rhino is specifically expressed in the female germline (Volpe et al. 2001; Vermaak et al. 2005) . Rhino mutants specifically overexpress RNAs of transposons present in double-stranded piRNA clusters, where Rhino is physically present in a wild-type background (Klattenhoff et al. 2009 ). These results suggest different HP proteins may dictate a permissive vs. nonpermissive chromatin environment and could explain how Piwi could be important for both heterochromatin formation and epigenetic activation .
Epigenetic functions of Piwi proteins are conserved in mouse testes, where they are required for establishment of DNA methylation patterns. Mice mutant for dnmt3l (DNA methyltransferase 3L, which is required for de novo DNA methylation) display a phenotype similar to mili mutants, including loss of transposon suppression and an increase in transposonderived piRNAs (Bourc'his and Bestor 2004; Aravin et al. 2008) . Mili and miwi2 mutant animals show greatly reduced levels of CpG methylation in PGCs, with concordant increases in transposon expression (Kuramochi-Miyagawa et al. 2008) . These studies also suggest that specific epigenetic mechanisms mediated by Piwi proteins in mammalian systems are at least partially different from that in Drosophila.
Regulation of Transposon Activity Depends on Piwi Protein Localization
Piwi proteins are well characterized for their function in silencing transposition, which has been extensively reviewed (Aravin et al. 2007a; Thomson and Lin 2009 ). Here, we cover the latest developments in Piwi/piRNA-mediated transposon silencing, and focus on how a piRNA-mediated scanning and silencing mechanism might operate. Clues to this question arise from work utilizing rhino mutants. In these flies, Piwi mostly retains nuclear expression whereas Ago3 and Aub are mislocalized (Klattenhoff et al. 2009 ). In a wild-type background, these two proteins are localized to a perinuclear structure called the nuage. The function of the nuage has not conclusively been shown, but proper nuage formation is apparently critical for transposon silencing.
Mutations in genes that disrupt nuage formation, such as rhino, maelstrom, and krimper, invariably result in elevated levels of transposon transcripts and defects in piRNA production (Findley et al. 2003; Lim and Kai 2007; Klattenhoff et al. 2009 ). Additionally, localization of Aub and Ago3 to nuage is interdependent , and mutation of either gene also leads to defects in nuage formation and piRNA biogenesis. Thus, nuage assembly and piRNA-mediated silencing appear to be coregulated.
These observations, coupled with the fact that expression of protein-coding transcripts containing transposons in their introns does not seem to be affected by piRNA pathway mutations, led (Klattenhoff et al. 2009 ) to propose that mature RNA transcripts are exported from the nucleus and are scanned for homology to transposons in the nuage. Protein-coding transcripts pass through, as any transposons containing intronic sequences have been removed by splicing. Transposon transcripts and piRNA precursors, however, are recognized and destroyed by piRNAs in an Ago3/Aubmediated ping-pong cycle. An alternative explanation may lie in the nature of the primary transcript itself; mRNAs contain polyadenylated 3 0 ends, whereas primary piRNA precursors apparently lack this modification (Ro et al. 2007 ). This may form the basis for recognition of these sequences to recruit the appropriate scanning apparatus. This general model of nuage-based scanning could potentially function in mammalian testes as well.
Proper localization of piRNA pathway components is critical for piRNA-mediated transposon silencing in mouse testis. In adult testes, Miwi and Mili are both localized to the chromatoid body, a mammalian version of the nuage (Kotaja and Sassone-Corsi 2007 ; see also Voronina et al. 2011) . In gonocytes, Mili is located to a specialized form of nuage called the intermitochondrial cement, where it forms granules termed "pi-bodies" ). Within pi-bodies, Mili interacts with the Tudor domain-containing protein Tdrd1, whose localization and expression depends on Mili ). Deletion of Tdrd1 results in male sterility (Chuma et al. 2006) with severe disruption of the ping-pong cycle. In addition, Miwi2-associated antisense piRNAs corresponding to transposonic sequences are lost, and cellular transcripts instead comprise the vast majority of cloned piRNAs (although overall piRNA biogenesis is intact Vagin et al. 2009; Wang et al. 2009 ). Several other Tudor domain-containing proteins also interact with Mili, Miwi, and Miwi2, including Tdrd2, Tdrd6, Tdrd7, and Tdrd9 (Hosokawa et al. 2007; Chen et al. 2009; Vagin et al. 2009 ). Deletion of Tdrd6 and Tdrd9 also result in male sterility (Shoji et al. 2009; Vasileva et al. 2009 ). Tdrd9 specifically interacts with Miwi2 in gonocyte-specific structures termed "piP-bodies" Shoji et al. 2009 ). Mael is another component of piP-bodies and is required for Miwi2 and Tdrd9 localization. Interestingly, pi-body components Mili and Tdrd1 are required for proper localization of the piP-body components Miwi2, Tdrd9, and Mael, although the converse is not true ). Deletion of Mael and Tdrd9 also lead to male sterility and transposon derepression (Soper et al. 2008; Shoji et al. 2009 ), and piRNAs from Tdrd9 mutants are highly enriched for sense-strand LINEelement sequences (Shoji et al. 2009 ). Thus, piand piP-bodies may act as a sort of "base station" in which the core piRNA machinery interacts with nuage components such as Tdrd proteins and MVH. These proteins may recruit specific transcripts and/or RNA populations to play roles in piRNA-mediated processes and to ensure correct targeting of transposons for degradation. Despite this, it remains unknown how these distinct granules coordinate their activities to accomplish their functions.
piP bodies may function to coordinate piRNA biogenesis and translational repression. piP bodies are a variant of P-bodies, which act in mRNA storage, decay, and translational regulation (Eulalio et al. 2007) , and contain several P-body components such as GW182, DDX6, and XRN1 Shoji et al. 2009 ). Thus, piP bodies lie at the intersection of the piRNA pathway and mRNA processing, and may act in translational regulation.
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The Role of Piwi Proteins and piRNAs in Translation and mRNA Turnover Mammalian Piwi proteins are predominantly cytoplasmic and cofractionate with polysomes, suggesting a potential role in translational regulation (Grivna et al. 2006a,b; Wang et al. 2009 ). Miwi associates with mRNAs and piRNAs in polysomes, suggesting that Miwi-bound piRNAs may regulate translation or stability of specific transcripts (Grivna et al. 2006b ). The control of Piwi proteins toward the mRNA stability is evident by the fact that Miwi-bound mRNAs are abrogated in miwi-null animals (Deng and Lin 2002) . Furthermore, the following observations indicate that Piwi proteins may be involved in translational regulation. First, Miwi associates with the cap-binding complex involved in translational initiation, and also with Dicer (Grivna et al. 2006b ). Miwi mutant animals display abnormal biogenesis of a subset of miRNAs, suggesting that Miwi may regulate translation through miRNA-mediated mechanisms as well as directly through its interactions with mRNA cap-binding proteins. Second, mili mutants display defects in global protein translation. Isolated 7 dpp seminiferous tubules, which contain only GSCs, display greatly reduced protein synthesis in mili mutants despite containing normal mRNA levels (Unhavaithaya et al. 2009) . At the molecular level, Mili interacts with the translation initiation factor eIF3a and with the eIF4E-and eIF4G-containing m7G cap-binding complex. Thus, Mili may be required for various aspects of translation, and defects in these aspects may lead to the defects in GSC self-renewal observed in mili-null animals (Unhavaithaya et al. 2009 ).
Some piRNAs derived from mRNAs may function in translational repression. Recent studies have shown that these piRNAs are disproportionately derived from the 3 0 UTRs of specific classes of genes (Robine et al. 2009; Saito et al. 2009 ). These piRNAs are senseoriented, are not generated through a pingpong mechanism, and are present in Drosophila, Xenopus, and mouse (Robine et al. 2009 ), even though how transcripts are selected for processing is unclear. The 3 0 UTR of traffic jam (tj)
generates a large amount of piRNAs (compared to other 3 0 UTRs). Clonal analysis in ovary follicles showed that piwi mutant follicles have elevated levels of TJ (Robine et al. 2009 ). Interestingly, tj positively regulates Piwi expression in somatic gonadal tissue, and may negatively regulate Piwi within the germline itself (Saito et al. 2009 ). As 35% of small RNAs from 10 dpp testes correspond to 3 0 UTRs (Robine et al. 2009) , it is tempting to speculate that this is a general mechanism for translational repression; however, this remains speculation, and this mechanism may be specific to the tj mRNA.
CONCLUDING REMARKS
As reviewed above, three families of small noncoding RNAs have emerged as key regulators of cellular and developmental processes, with their function highlighted in the germline. Among them, miRNAs control various aspects of germline development, from germline specification to GSC self-renewal and gametogenesis. EndosiRNAs represent a novel, exciting class of small RNAs also with critical roles within the germline. They are known to protect and maintain genomic integrity from the assault of mobile genetic elements such as transposons, a role they share with the germline-specific piRNAs. However, their role in regulating gene expression awaits further exploration. By comparison, the understanding of the piRNA pathway is still at the beginning stage, with fundamental biological questions remaining unanswered. For example, how are piRNAs generated? What exact roles do these molecules play in epigenetic and translational regulation? How do these mechanisms contribute to biological functions such as GSC maintenance, transposon silencing, and meiosis? The coming years will doubtlessly provide exciting answers to these questions and many more.
